This letter proposes a new spoof surface plasmon transmission line (SSP-TL) using capacitor loading technique. This new SSP-TL features flexible and reconfigurable dispersion control and highly selective filtering performance without resorting to configuration change. Moreover, it requires much smaller linewidth than the conventional SSP-TL for achieving an extremely slow wave (or a highly confined field), which is quite useful for a compact system. To illustrate the design principle, several examples are designed within the frequency range of 2-8 GHz. Both numerical and experimental results are given in comparison with the conventional SSP-TL. It is demonstrated that the proposed technique provides a better performance in size reduction and dispersion reconfigurability. Index Terms-Capacitor-loaded, dispersion curve, reconfigurability, selective filtering, spoof surface plasmon (SSP).
It has been demonstrated in the recent work [3] that the dispersion properties of SSP transmission line (SSP-TL) can be adjusted by modifying the geometrical dimensions and/or dielectric material parameters. The working principle lies in that the surface corrugation and dielectric parameters determine the effective capacitance along the surface and hence the electrical field confinement and dispersion property. However, a highly confined field usually requires a high-depth corrugation and hence a large linewidth. Such SSP-TLs, typically used for high-density transmission lines with low crosstalk, lose its benefit on compactness. To overcome this drawback, we propose a capacitor-loaded SSP-TL. It features a small linewidth but with strongly confined field, which significantly reduces the size of the whole system. Moreover, this new SSP-TL exhibits the benefits on flexible control of the dispersion curve without resorting to changing the geometrical configurations. It can be potentially extended to reconfigurable SSP-TLs by replacing the static capacitors with tunable ones. Typical applications may include highly selective filters with reconfigurable cutoff frequencies.
II. PRINCIPLE
Conventional SSP-TL is realized by corrugating a metallic strip with subwavelength periodic slots, as shown in Fig. 1(a) , where the parameters d, h, a, and w denote the periodic pitch, the slot depth, the slot width, and the linewidth, respectively. The corrugation provides a capacitive loading along the strip, 1531-1309 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and hence supports a bounded mode confined to the surface, allowing to manipulate electromagnetic waves at subwavelength regime. The unit cell of SSP-TL is modeled by an equivalent circuit, as shown in Fig. 1 (a) [3] , where L 1 , L 2 , and L 3 are attributed to the magnetic field excited by the currents along the strip units, C 2 and C 3 model the electric field to the infinity (in x direction), and C 1 represents the local electric field excited between the gap (mostly in y direction).
To analyze the unit cell in Fig. 1(a) , a periodic boundary condition is added on both sides of the unit cell, and the dispersion curve is computed using the Eigenmode solver in computer simulation technology Microwave Studio. Consider an example, in which the substrate is Rogers 4003C ( r = 3.38, tan δ = 0.0027) with thickness of 1.52 mm, and the strip dimensions are a = 1 mm, w = 5 mm, d = 5 mm, and h = 3 mm. The calculated dispersion curve is shown as the blue squares in Fig. 2 . Note that it exhibits a typical SSP response, which stays close to the air line at low frequencies but goes away at high frequencies. The circuit parameters in Fig. 1 (a) are calculated as L 1 = 0.8 nH, L 2 = 0.14 nH, L 3 = 0.2 nH, C 1 = 22.5 fF, C 2 = 161 fF, and C 3 = 178 fF, by using the approach provided in [3] . One may further calculate the dispersion curve of the equivalent circuit to verify its validity. One initially computes the scattering parameters (S 11 and S 21 ) of the circuit model, and subsequently obtains the dispersion relation by
where [.] denotes the imaginary part. It should be noted that the above equation is obtained under the condition of symmetry (S 11 = S 22 ) and reciprocity (S 21 = S 12 ), and hence valids only for symmetrical and reciprocal cases. The computed dispersion curve using (1) is displayed as the dotted blue line in Fig. 2 .
To increase the field confinement or localization, one should further bend the dispersion curve away from the air line. One way to achieve this is to increase the corrugation depth h, which is well validated by the dispersion curves in Fig. 2 . When h increases from 3 to 11 mm, the dispersion curves gradually bend away from the air line, giving rise to a much slower trapped wave. Note that, in the case of a high corrugation depth (e.g., h = 11 mm), the dispersion curve becomes almost flat when it is close to the cutoff frequency. This frequency, in analogy to the plasma frequency of surface plasmons in optics, is inversely proportional to the corrugation depth h. Also, the group velocity around this frequency is extremely small, which gives rise to a strong localized wave. The small group velocity also leads to a sharp transmission response, which is very useful in high-selectivity filters.
Although a high corrugation depth h is good for field confinement, it inevitably increases the linewidth w which is not preferred in a compact system. To overcome this drawback, we propose the capacitor-loaded SSP-TL in Fig. 1(b) . The additional loaded capacitors along the surface bring in an extra capacitance, in equivalence to the extra capacitance brought by the increased corrugation depth in conventional SSP-TLs. Therefore, the proposed SSP-TL increases the field confinement capability and meanwhile maintains a small linewidth. The capacitor-loaded unit cell can be modeled by adding the extra capacitance C to the original circuit, as shown in Fig. 1(b) . One may use this circuit model to obtain the dispersion curves in Fig. 2 . Note that, the SSP-TL loaded with different capacitances achieves almost the same dispersion curves as the conventional SSP-TL with different depths.
III. EXPERIMENTAL VALIDATION
To validate the proposed capacitor-loaded SSP-TL, we experimentally implement the one with C of 0.2 pF (see the purple line in Fig. 2 ) on a 1.52-mm-thick Rogers 4003C substrate. In comparison, the conventional SSP-TL with a corrugation depth h of 8 mm is also implemented, exhibiting a similar dispersion curve as the proposed SSP-TL. Fig. 3 shows the fabricated prototypes of the two SSP-TLs. Tapered lines are employed for smooth transition and mode conversion between the 50 -coplanar waveguide line (width: 12 mm, gap: 0.5 mm) and SSP [4] . As shown in the zoomed view of Fig. 3(a) , the proposed SSP-TL is loaded with 0.2-pF chip capacitors (Murata GJM1555C1HR20WB01D). The line parameters are w = 5 mm, h = 3 mm, a = 1 mm, and d = 5 mm. In contrast, the conventional SSP-TL has a much wider linewidth (i.e., w = 10 mm) due to the increased corrugation depth (h = 8 mm). Therefore, the capacitor-loaded SSP-TL reduces the linewidth by half.
The two fabricated prototypes are measured using an Agilent power network analyzer (E5071C) within the Fig. 4 . Measured S-parameters of the two fabricated SSP-TL prototypes in Fig. 3 .
Fig. 5.
Cross section distribution of the electric field of the SSP-TLs in (a) Fig. 3(a) and (b) Fig. 3 (b) at 4 GHz. frequency range 2-10 GHz. The measured S-parameters are shown in Fig. 4 . Note that the capacitor-loaded SSP-TL has a similar response as the conventional SSP-TL, despite a slight discrepancy in the cutoff frequency, possibly due to the tolerances brought by printed circuit board fabrication and the commercial chip capacitors (±0.05 pF). Also note that, the proposed SSP-TL has a very sharp transmission response around 5.8 GHz, which shows a highly selective filtering feature. It also exhibits a wide stopband from 5.8 to 10 GHz.
To compare the field confinement capability of the two SSP-TLs, their normalized electric fields in the cross section (x-z plane) at 4 GHz are plotted in Fig. 5 . Note from the 2-D distributions that, the proposed SSP-TL has a better field confinement. To quantify this improvement, we plot the 1-D distribution along z-axis across the maximum point. Then one may define the confined region using the width when the field drops to 0.3 (about −10 dB) of the maximum strength. Note that this width is 10.9 mm in the proposed SSP-TL, and is 16.7 mm in the conventional one. The confinement capability, inversely proportional to the confined region, is therefore improved by 53%.
The proposed SSP-TL loaded with different capacitor values are also fabricated and measured. The scattering Measured transmission responses of the fabricated prototype of Fig. 3(a) with different loading capacitors. parameters are shown in Fig. 6 . Note that the cutoff frequency (in analogy to the plasma frequency in optics) and the operational frequency band are completely reconfigurable by changing the capacitances. High-selectivity feature is still preserved while reconfiguring the operational band. The static capacitors can further be replaced by tunable capacitors to make it truly reconfigurable, which will be explored in our future works.
IV. CONCLUSION
In this letter, a capacitor-loaded SSP-TL has been proposed. It featured reconfigurable dispersion property control. It also exhibited a small linewidth in comparison with the conventional SSP-TL. The principle was illustrated and several experimental examples were provided. In addition, the results completely validated the proposed SSP-TLs.
